Spin fluctuation is presumed to be one of the key properties in understanding the microscopic origin of heavyfermion-like behavior in the class of transition-metal compounds, including LiV 2 O 4 , Y(Sc)Mn 2 , and YMn 2 Zn 20 . In this review, we demonstrate by our recent study of muon spin rotation/relaxation that the temperature (T ) dependence of the longitudinal spin relaxation rate (λ ≡ 1/T 1 ) in these compounds exhibits a common trend of leveling off to a constant value (λ ∼ const.) below a characteristic temperature, T * . This is in marked contrast to the behavior predicted for normal metals from the Korringa relation, λ ∝ T/ν, where the spin fluctuation rate (ν) in the Pauli paramagnetic state is given as a constant, ν ≃ 1/[hD(E F )] [with D(E F ) being the density of states at the Fermi energy]. Thus, the observed behavior of λ implies that the spin fluctuation rate becomes linearly dependent on temperature, ν ∝ T , suggesting that heavy quasiparticles develop in a manner satisfying D(E F ) ∝ (m * ) σ ∝ 1/T at lower temperatures (σ determined by the electronic dispersion). Considering that the theory of spin correlation for intersecting Hubbard chains as a model of pyrochlore lattice predicts ν ∝ T , our finding strongly indicates the crucial role of t 2g bands which preserve the one-dimensional character at low energies due to the geometrical frustration specific to the undistorted pyrochlore lattice.
I. INTRODUCTION
Geometrical frustration in electronic degrees of freedom such as spin, charge, and orbit, which is often realized in the stages of highly symmetric crystals, has been one of the major topics in the field of condensed matter physics. In particular, the heavy fermion (HF) behavior in Y 1−x Sc x Mn 2 [Y(Sc)Mn 2 ] 1,2 and LiV 2 O 4 3,4 has attracted broad interest, where such a local electronic correlation specific to the highly symmetric pyrochlore structure may be of direct relevance to the formation of the heavy quasiparticle (QP) state. However, despite decades of studies, the microscopic mechanism by which the local correlation is transformed into the heavy QP mass of itinerant d-electrons in these compounds still remains controversial.
In general, the development of heavy QPs accompanies narrowing of the effective band width (W) or an increase in the density of states (DOS) at the Fermi energy [D(E F )]. It is thus expected from a naive consideration based on Heisenberg's uncertainty principle that the HF behavior should manifest itself in the spin dynamics as reduction of the spin fluctuation rate (ν) because these quantities are mutually linked by the following relation:
Since the effective QP mass is directly connected to the DOS via the relation m * ∝ [D(E F )] 2/3 for a three-dimensional (3D) Fermi gas, studies on the spin fluctuation with particular emphasis on relatively low energies should provide valuable information on the mechanism of heavy QP formation.
As a probe of spin fluctuation, muon spin rotation (µSR) has a unique frequency window with high sensitivity for 10 5 ≤ ν ≤ 10 11 s −1 , filling the gap between those covered by nuclear magnetic resonance (NMR) and neutron scattering. This provides promising perspectives for the µSR study of d-electron HF-like compounds. Here, we establish that the longitudinal spin relaxation rate (λ ≡ 1/T 1 ) in the above-mentioned compounds exhibits a common feature that it asymptotically becomes independent of temperature upon cooling below a crossover temperature of T * ≃ 10 1 -10 2 K. This, within the framework of fermionic QPs, means that the spin fluctuation rate becomes linearly dependent on temperature, ν ∝ T , which is in marked contrast to ordinary metals, where ν is independent of T as determined by the DOS at the Fermi level. Considering that the transition-metal ions in these compounds comprise a pyrochlore lattice, it is naturally expected that the above-mentioned feature in the spin dynamics will be specific to the relevant lattice structure. We argue that this is indeed the case in that the underlying spin dynamics can be understood by the spin correlation of the intersecting Hubbard chains, which provides a model of the pyrochlore lattice. This strongly indicates the crucial role of t 2g bands that preserve the one-dimensional (1D) character specific to the undistorted pyrochlore lattice at low energies, which is consistent with a theoretical scenario that the 1D-3D crossover due to coupling between these 1D chains developing at low temperatures is the origin of the HF behavior.
In the following, we present an overview of our µSR results for Y(Sc)Mn 2 5 , YMn 2 Zn 20−x In x , 6 and LiV 2 O 4 , 7, 8 where the temperature dependence of λ is the primary focus. Then, the temperature dependence of the spin fluctuation rate is discussed in connection with a possible scenario for the origin of heavy QPs in these compounds. We also show that the anomalous behavior of λ is accompanied by strong broadening of the linewidth under a transverse field (λ ⊥ ≡ 1/T 2 ), which is not explained by the hyperfine parameters extrapolated from their values at high temperatures 9, 10 .
II. MUON SPIN RELAXATION IN ITINERANT ELECTRON SYSTEMS
As a probe of spin fluctuation in condensed matter, µSR is kin to NMR, primarily because of the fact that an implanted muon can be regarded as a light radioisotope of a proton ( 1 H). Nonetheless, while the physics behind the mechanism of spin relaxation is common, there are two major factors, i.e., the time windows of observation (10 −4 -10 0 s for NMR, 10 −9 -10 −5 s for µSR) and the relevant sites (on-site for NMR, interstitial site for µSR), that make these two techniques distinct (or even complementary with each other). It would be useful to highlight such differences by examining the longitudinal spin relaxation rate (1/T 1 ) in simple metals.
According to Korringa's relation, the spin relaxation induced by s band electrons is given by
where γ e (= 2π×28024 MHz) and γ µ (= 2π×135.53 MHz) are the respective gyromagnetic ratios of an electron and muon. K s is the Knight shift, which is expressed in terms of the hyperfine field (H s ) per electron as
N A is Avogadro's number, µ B is the Bohr magneton, and χ p is the magnetic susceptibility [χ p = 2µ 2 B D(E F ) for uncorrelated electrons]. Equation (2) may be rewritten as
where H α is the hyperfine field of electrons at α orbitals (α = s, p, d, ...) with D α (E F ) denoting the DOS for the corresponding band.
Here, let us consider the example of pure silver (Ag), in which the muon Knight shift has been reported to be K s = 94(3.5) ppm 11 . Equation (2) then yields
A similar estimation for silver nuclei (e.g., 107 Ag, where
, which is comparable to the T 1 T value for muon. Considering the melting point of silver (≃ 10 3 K), it implies that 1/T 1 ≤ 10 3 s −1 , which is far below the sensitive range for µSR, while it is readily observed by NMR. Thus, the s band electron makes a negligible contribution to 1/T 1 in µSR.
When the electronic correlation is not negligible, it is useful to resort to a more general form of 1/T 1 with the relevant spin fluctuation expressed by spin density operators,
where ω µ = γ µ B 0 (B 0 being the external field) and A q and S ± q are the Fourier components of the hyperfine field [A µ (r)]
and spin density [S 12 . Imposing the fluctuation-dissipation theorem, which links the thermal fluctuation described by the correlation function to the imaginary part (dissipation) of the generalized susceptibility,
to Eq. (5) with the further assumption that ω µ ≪ k B T leads to
where χ ′′ ⊥ (q, ω µ ) is the imaginary part of the dynamical spin susceptibility (perpendicular to the quantization axis that is usually determined by B 0 ).
The actual form of A q is determined by A µ (r) (with r = 0 at the muon position), and thus it generally depends on the muon site(s). An exception is the case that the hyperfine field is predominantly determined by the Fermi contact interaction,
However, such a situation is rare for µSR because of the small charge of a muon (same as that of a proton) and the fact that muons are usually located at the interstitial sites. Consequently, the magnetic dipolar interaction is the primary source of hyperfine fields acting on muons,
where r j = (x j , y j , z j ) = R j − r with R j being the position of the jth electron. More specifically, the effective hyperfine field in the paramagnetic state is given by the second moment
where the corresponding Fourier transform (A αβ q ) 2 can be numerically evaluated for the specific muon site(s). An example calculated for q [110] in Y(Sc)Mn 2 is shown in Fig. 1(b) , where the muon is presumed to be at the 16c site [see Fig. 1(a) ]. It shows a broad distribution with a peak near q ≃ 0 and a tail over the region |q| ≤ ∼1 Å −1 . A similar result is observed for the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction, indicating that Eq. (7) can be approximated by the form
Following the assumption generally adopted in NMR that the density spectrum of spin fluctuation is described by the Lorentzian distribution function f (ω) with its amplitude represented by the local susceptibility χ,
Eq. (11) is further simplified to
where δ µ is the redefined hyperfine parameter and ν is the fluctuation rate of δ µ at q ≃ 0. The above equation is valid when ν ≫ δ µ . Equation (12) corresponds to the general assumption in the time domain that the correlation of a fluctuating hyperfine field can be described by the stationary GaussianMarkovian process in the approximated form
While µSR and NMR can be used to observe the spin fluctuation via the same process described by Eq. (13), their sensitive ranges are markedly different (as already discussed in the case of s band electrons). As illustrated in Fig. 1(c) , the difference stems from the sensitive range of λ (= 1/T 1 ), which is determined by the accessible time window, T W , for the respective probes (see also Table I ). The present study benefits greatly from this unique sensitive range of µSR to spin fluctuation. We rely on Eq. (13) to deduce ν explicitly from the experimentally determined longitudinal spin relaxation rate λ. 
III. OVERVIEW OF µSR RESULTS

A. Y(Sc)Mn 2
Yittrium manganite (YMn 2 ) is an intermetallic Laves phase (C15-type) compound and was the first transition-metal system in which HF behavior was observed. As shown in Fig. 1 , it comprises a 3D network of corner-shared tetrahedra with Mn ions at their corners, resulting in a scheme equivalent to a cubic pyrochlore lattice. Although YMn 2 exhibits magnetic order with complex helical modulation and a large volume expansion below T N ≃ 100 K 13 , it remains in the paramagnetic state under hydrostatic pressure (≥ 0. (13), where the hyperfine field is presumed to be 10 −2 -10 0 T. Note that the sensitive ranges for NMR are split into two different ranges, where the high-frequency range corresponds to the region close to the limit of motional narrowing. Dashed curves show λ for greater external magnetic fields (∝ ω µ ). also accompanied by a large increase in the QP mass (m * ≃ 15 times the band mass) as inferred from the electronic specific heat 2 .
Our µSR measurements were performed using polycrystalline samples of Y 1−x Sc x Mn 2 with various Sc contents (x = 0.03, 0.05, 0.07, and 0.08, as prepared) grown from melts in an argon arc furnace followed by annealing, where the details of sample preparation are described elsewhere 14 . The bulk properties of these samples including the electronic specific heat (Sommerfeld) coefficient and uniform spin susceptibility (χ) were in good agreement with earlier reports (see Ref. 5 for more details). Figure 2 shows some examples of time-dependent µSR spectra at a low temperature (≃ 2 K), where pairs of spectra obtained at two different longitudinal fields (LF, 10 mT and 5 T) are displayed for comparison 5 . The depolarization rate (λ) decreases with increasing Sc content x and tends to approach an asymptotic value (as it exhibits little change between x = 0.07 and 0.08). It is also noticeable that λ is mostly independent of the magnitude of the longitudinal field (B 0 ) for x ≥ 0.05, while it shows a slight variation with B 0 for with each x for clarity. Solid curves show best fits using the function described in the text. Those for x = 0.03 exhibit a slight dependence on B 0 , from which the hyperfine parameter is estimated, whereas the spectra are less dependent on B 0 for x ≥ 0.05.
x = 0.03. These features can be readily understood from Eq. (13) introduced in the previous section. We also note that Eq. (13) has been successfully applied to various types of magnetism including that of quasi-1D compounds 15 . Equation (13) is modified to yield the fluctuation rate
from the experimental values of λ and χ, where the double sign corresponds to the two cases of ν > ω µ (+) and ν < ω µ (−) [see Fig. 1 (c)]. The fact that the spectra in Fig. 2 are mostly independent of ω µ indicates that ν ≫ ω µ , from which Eq. (13) is reduced to yield
The magnitude of δ µ was determined as the gradient of the muon Knight shift (K) plotted against susceptibility (i.e., dK/dχ in the K-χ plot), for which additional µSR measurements under a high transverse field (HTF) were performed on freshly synthesized samples with x = 0.05, 0.07, and 0.09. 10 The fast Fourier transforms (FFTs) of the HTF-µSR spectra observed for these samples at various temperatures are shown in Fig. 3 . These spectra can be used to monitor the density distribution of the local internal field at the muon site [P(ω µ )] via the relation where B loc is the local field from nearby electrons. The second moment of the local field distribution parallel to B 0 is directly related to the corresponding hyperfine parameter δ µ (≡ δ ⊥ µ ) as
in the case of isotropic hyperfine fields, where (B loc ) is the component of B loc parallel to B 0 and the overline denotes the mean value. The transverse relaxation rate is then given by
It is noticeable that the spectra become broad and asymmetric with decreasing T below T * ∼ 100 K, which seems in accordance with the onset of the Curie-Weiss behavior of χ (see Fig. 4 inset) . The magnitude of the linewidth (λ ⊥ ≃ 2-5 MHz at 2 K) is much greater than that expected from Eq. (18) with δ µ determined by dK/dχ. Such broadening was also reported in the cases of LiV 2 O 4 9 and YMn 2 Zn 20−x In x (see below). The nearly identical linewidth for different Sc contents x shown in Fig. 3 indicates that the broadening at lower temperatures is not due to extrinsic effects such as crystallographic randomness owing to the Sc substitution or the formation of a spin-glass state observed for a smaller Sc content 16 . As is discussed in Sect. IV B, we attribute this broadening to the strong spin fluctuation associated with geometrical frustration.
Curve fitting of these spectra using the form
yielded reasonable agreement with data for T ≥ T * assuming one frequency component (m = 1), where A 0 is the initial asymmetry, λ ⊥ is the transverse spin depolarization rate, and φ 0 is the initial phase. The Knight shift was then determined by where ω 0 was determined by additional measurements on a reference sample of high purity silver. Meanwhile, two frequency components (m = 2) were incorporated to obtain satisfactory fits for the data below T * . Some examples of K-χ plots are shown in Fig. 4 10 . Considering the line broadening at lower temperatures, the hyperfine parameters are deduced from dK/dχ for T ≥ T * to yield δ µ /2π = −26(3) MHz/µ B (x = 0.05), −47(1) MHz/µ B (x = 0.07), and −49(1) MHz/µ B (x = 0.09), where the scattering among different x is probably due to the residual influence of the line broadening (note that the relative variation of K and χ is small for the relevant temperature region). However, their mean value [δ µ /2π = −41(2) MHz/µ B ] is in perfect agreement with the calculated value assuming that muons are located at the 16c site 16, 17 , |δ µ /2πµ B | = 40.2 MHz/µ B . Although it is inferred from the 1 H NMR of YMn 2 that the hydrogen site is the 96g site, which is slightly away from the 16c site 18 , the calculated value of the muon hyperfine parameter (δ µ /2π = 78.6 MHz/µ B ) makes it unlikely that a muon occupies this site.
The LF-µSR time spectra in Fig. 2 were analyzed by leastsquares curve fitting to deduce λ using
where G KT z (t) is the Kubo-Toyabe relaxation function, which is approximated by G KT z (t) ≃ 1 for high B 0 , β is the power, and a p is a constant term. Here, we introduce stretched exponential decay (β 1) to reproduce the deviation of the spin dynamics from that described by the model of spin correlation with a single value of δ µ and/or ν at a given temperature 16, 19 . The presence of the term a p is clearly inferred in the case of x = 0.03 from the leveling off of the time spectra for t ≥ 4 µs (see Fig. 2 ; as is also needed for x = 0.05). It is presumed that these deviations from single exponential decay are related to the strong line broadening observed under a transverse field. Apart from this ambiguity, excellent fits were obtained in all of the cases with a p fixed to the values deduced at 2 K. The solid curves in Fig. 2 represent the best fits obtained under these conditions 5 . The temperature dependences of the parameters deduced by curve fitting are summarized in Fig. 5 . Although β varies only slightly with x, λ exhibits a clear tendency of becoming less dependent on temperature, i.e.,
with increasing x. Considering the dependence of λ on ν and χ in Eq. (13), this means that ν becomes linearly dependent on T with increasing x. Meanwhile, the behavior of λ for x → 0.03 is understood as the freezing of the Mn spin fluctuation because the transition to the quasistatic spin-glass state occurs in the sample with x = 0.03 below T g ≃ 3 K (where T g is defined as the peak muon depolarization rate under B 0 = 10 mT) 16 . The behavior of λ observed for x ≥ 0.07 shows a distinct similarity to that for LiV 2 O 4 7 . As shown in Fig. 6 , the spin fluctuation rate in the samples with x ≥ 0.07 is in the range of 10 9 -10 11 s −1 for T ≤ T * , while it shows a steeper reduction with decreasing temperature in those with x ≤ 0.05. Although the use of stretched exponential decay in Eq. (22) prevents ν from being simply interpreted as a mean when β < 1, ν serves as a "characteristic frequency" that describes the spin dynamics on the basis of Eq. (13) 19 . Solid lines are obtained by curve fitting using the power law with c and α being free parameters. As shown in the inset of Fig. 6 , α exceeds 2 in the case of x = 0.03, whereas it approaches unity (α → 1) for x ≥ 0.07.
Here, it is worth stressing that NMR and inelastic neutron scattering (INS) studies on the paramagnetic phase of Y(Sc)Mn 2 conducted thus far have mostly been concerned with the relatively high energy part of the spin dynamics, where they demonstrated the presence of antiferromagnetic (AF) correlation with a characteristic frequency scale of ν AF ≃ 10 13 -10 14 s −120-24 . In particular, a strong hyperfine field exerted on 55 Mn nuclei [corresponding to δ µ / √ 2 ≃ 1.2 GHz/µ B in Eq. (13) ] drives the sensitive range of NMR up to such high frequencies 22 . Interestingly, the latest INS study of a singlecrystalline sample (x = 0.03) revealed that the intensity centered at approximately Q 0 = (1.25, 1.25, 0) (in reciprocal lattice units) exhibits anisotropic broadening along the Brillouin zone boundary, which is interpreted to be due to the degeneracy of states associated with geometrical frustration 24 . Although this might be reminiscent of short-range correlations at a low energy, as similarly reported recently for LiV 2 O 4 25 , the details are yet to be clarified.
B. YMn 2 Zn 20−x In x
One of the bottlenecks in the investigation of the d-electron HF state has been the limited number of candidate compounds that exhibit bulk electronic properties attributable to heavy-QP formation. Recently, it has been reported that a ternary intermetallic compound, YMn 2 Zn 20 , exhibits a large Sommerfeld coefficient (γ ≥ 200 mJ·K −2 mol −1 ) characteristic to the HF compounds 26, 27 . It crystallizes in the cubic CeCr 2 Al 20 structure with the space group of Fd3m (see Fig. 7 ), where the Y and Mn atoms respectively occupy the 8a and 16d sites, forming diamond and pyrochlore lattices that are common to the cubic Laves phase Y(Sc)Mn 2 . Meanwhile, Zn atoms at the 16c, 48 f , and 96g sites are located between the other 6 , where the influence of excess Mn appears to be minimal [δ = 0.11(1)] 27 . The sample was a mosaic of single crystals glued with varnish on a sample holder made of high-purity silver (12 mmφ disc). µSR measurements in the range of 300-4.2 K (using a 4 He cryostat) were performed under an LF (B 0 = 10 mT) to quench the depolarization due to random local fields from nuclear magnetic moments. Those in the range of 50 K-0.3 mK (with a 3 He cryostat) were performed under an LF (B 0 = 395 mT) to distinguish depolarization due to the pyrochlore (on-site) Mn from that due to the excess Mn, where the yield of these signals was estimated from the field dependence of the LF-µSR spectra at 0.3 K.
Typical examples of ZF/LF-µSR spectra obtained at 4.2 and 0.3 K are shown in Fig. 8 . The depolarization rate at 4.2 K is mostly independent of B 0 (λ is unchanged between 10 and 395 mT), indicating that the spectra are in the limit of motional narrowing. These spectra were analyzed by curve fitting using Eq. (22) , where β = 1 and a p was replaced with A b as the time-independent background mainly originating from muons stopped in the sample holder. The signal-to-background ratio (A 0 /A b ) was ∼3.8 for the 4 He cryostat and ∼3 for the 3 He cryostat over a time range of 0-20 µs, allowing the reliable deduction of λ at small values (∼ 10 −2 µs −1 ). While we have successfully estimated the contribution of on-site Mn from the total magnetic susceptibility assuming two components of the Curie-Weiss term with one (χ δ→0 ) corresponding to the limit of δ = 0 27 , it is often difficult to identify the contributions of the magnetic ions in question among those from impurities that also exhibit Curie-Weisslike behavior. The true contribution of the on-site Mn was confirmed by muon Knight shift measurements 28 , as was the case for Y(Sc)Mn 2 . The HTF-µSR spectra showed two frequency components with relative intensities of approximately 7 to 3, which was consistent with the values indicated from the partial asymmetries of the corresponding components in the LF-µSR spectra. The time spectra were then analyzed by curve fitting using Eq. (19) assuming two components.
The muon Knight shift (K i ) for each signal was obtained by Eq. (20) (m = 2) , where the ratio of the signal amplitudes was consistent with that observed in the ZF/LF-µSR spectra, in which the contributions of the pyrochlore (on-site) and excess Mn were readily identified. This allowed us to unambiguously attribute the signal K 1 to the intrinsic pyrochlore Mn. Curve fitting by the Curie-Weiss law yielded |C| = 0.0036(3) emu·K/mol and θ W = −13(2) K, which showed nearly perfect agreement with χ δ→0 in the temperature dependence. Consequently, as shown in Fig. 9 , the K 1 versus χ δ→0 plot exhibited a linear relationship with dK 1 /dχ δ→0 = −13.1(6) MHz/µ B with a small offset of K 0 = 13.5(4) ppm, indicating that χ δ→0 indeed originated from the on-site Mn. Meanwhile, assuming that muons are located at the centers of Mn tetrahedra [8b site, shown in Fig. 7(b) ], δ µ is calculated using the dipolar tensor for the Mn spins situated at the nearest-and next-nearestneighboring tetrahedra to yield |δ µ | = 2π × 2.65 MHz/µ B , which is in reasonable agreement with the experimental value.
The potential influence of excess Mn can be avoided by employing values of λ obtained from data under an LF with magnitude greater than 100 mT. As shown in Fig. 10(a) , λ tends to level off (λ ∝ T 0 ) for T ≤ T * , which strongly resembles the case of Y(Sc)Mn 2 with x ≥ 0.07. Combining this result with χ δ→0 and δ µ , we obtain ν vs T using Eq. (13) as shown in Fig. 10(b) . The linear temperature dependence of ν emerges below T * ∼10 K, confirming our previous result pendent on T . Thus, T * may be regarded as a crossover temperature below which the spin fluctuation is predominantly determined by the mechanism common to Y(Sc)Mn 2 .
We also note that λ ⊥ (the depolarization rate of the signal corresponding to the on-site Mn under a transverse field) was in the range of 1-2 MHz below ∼30 K whih was much greater than that expected from the magnitude of λ [≤ 0.02 MHz, see Fig. 10(a) ], indicating the presence of additional line broadening due to the spin fluctuation associated with geometrical frustration in χ local , as is also observed in Y(Sc)Mn 2 and LiV 2 O 4 .
Lithium vanadate is the only compound that exhibits HF behavior among the numerous metal oxides so far studied, and therefore it has attracted much attention since its discovery in the late '90s. 3, 4 The formation of a heavy-QP state below a characteristic temperature (T K ≃ 20-30 K) is suggested by its large Sommerfeld coefficient (γ ≃ 420 mJ/mol·K 2 ) and other bulk properties that are hallmarks of typical f -electron HF compounds. Moreover, it has been inferred from the result of recent photoemission spectroscopy examination that a DOS peak slightly above E F develops for T < T K . 29 In our previous µSR study, we showed using a powder specimen of LiV 2 O 4 that the observed µSR spectra consisted of two components that could be distinguished by the response of the depolarization rate to an external magnetic field (B 0 ). 7 Furthermore, the component that exhibited the weaker dependence on B 0 (with longitudinal spin relaxation rate λ D and fractional yield f ≃ 0.4) was mostly independent of temperature below T * ∼ 10 2 K, from which we suggested that the corresponding fluctuation rate derived from the Redfield theory for the local spin systems was also independent of temperature (ν D > 10 9 s −1 ). In contrast, the depolarization rate associated with the other signal (λ S , with 1 − f ≃ 0.6) was readily suppressed by B 0 , which was ascribed to slowly fluctuating local magnetic moments (ν S ∼ 10 6 -10 7 s −1 ). Although the occurrence of such phase separation was confirmed by a subsequent µSR study of high-quality single-crystalline samples, the increased yield f (≃ 0.8) implied that clarifying the origin of ν D was essential to our understanding of the electronic state.
9 Figure 11 shows the muon depolarization rate (λ D ) under a zero external field, deduced by curve fitting using the sum of two components with exponential damping:
Although the data are scarce, particularly at higher temperatures, λ D is only weakly dependent on temperature with a tendency to level off with decreasing temperature, which is qualitatively similar to the behavior of χ V (Fig. 11, inset) . These features are remarkably similar to those observed for Y(Sc)Mn 2 (x ≥ 0.07) and YMn 2 Zn 20−x In x .
A more appropriate evaluation of ν D from λ D using Eq. (13) for an itinerant system was recently carried out. 8 Since the muon Knight shift data obtained from the previous µSR measurement were not sufficient to evaluate the temperature dependence of K i for the relevant component (particularly at low temperatures), 7 we extracted it from the bulk susceptibility (χ). More specifically, considering the behavior of χ observed in single-crystalline samples, which tends to saturate at lower temperatures, 4, 30 we attributed the divergent behavior of χ at T → 0 to unknown paramagnetic impurities (obeying the Curie law) and decomposed the data into two parts: where θ W is the Weiss temperature. Curve fitting using Eq. (25) yielded C V = 0.387(5) emu·K/mol, θ W = −74(2) K, and C imp = 0.0131(2) emu·K/mol, implying that the behavior of χ V was in good agreement with that of single crystals [thus, we use χ = χ V in Eq. (13)]. Assuming that the Curie term originates from free V spins (V 3.5+ ∼1.5µ B ), the fractional yield of the impurity phase estimated as C imp /T was 1.6% of the total volume. This was much smaller than that of primary µSR signals (either f or 1− f with f ≃ 0.4), indicating that the paramagnetism of the impurity phase was irrelevant to the interpretation of µSR data.
Another important quantity in Eq. (13) is δ µ . The muon Knight shift measurements of both powder and singlecrystalline samples yielded δ µ(D) ≃ 0.5 ± 0.2 GHz/µ B , which corresponds to the component from which ν D was deduced. 7, 9 Apart from the large error due to the broad linewidth, this δ µ(D) was in good agreement with the calculated δ µ(D) of 0.143 GHz/µ B for muons that occupy a site at the center of a cyclic vanadium hexamer (as inferred from the observed µSR linewidth due to nuclear magnetic moments at high temperatures) and are subject to the magnetic dipolar fields from vanadium ions. 7 Since the experimental value of the hyperfine parameter had a large uncertainty due to the broad linewidth, we used the calculated value for the evaluation of ν D 8 . The reevaluated ν D is plotted in Fig. 12 together with INS data, 31 where one can observe that ν D lies on a straight line, indicating its proportional relationship with temperature (ν D ∝ T ) over a T range of three decades below T * . This is again strikingly similar to the behavior of the spin fluctuation rate observed in Y(Sc)Mn 2 and YMn 2 Zn 20−x In x at lower temperatures (T < T * ). We also note that the corresponding lowenergy excitation (also suggested in an earlier neutron scattering study 32 ) has been confirmed by a recent INS experiment on high-quality samples 25 .
IV. DISCUSSION
A. Spin fluctuation rate
As mentioned earlier, the heavy QP mass is phenomenologically understood to originate from the sharp increase in the DOS slightly above the Fermi level and the associated flattening of the band dispersion, i.e., D(E F ) ∝ (m * ) σ → ∞ (with σ determined by the dispersion relation of electrons). In rareearth compounds, such enhancement is induced by the conversion of local f -electron degrees of freedom into D(E) by the Kondo effect, which is observed as a peak structure of D(E) near E F . The observation of such a structure (∼4 meV above E F ) in LiV 2 O 4 by photoemission spectroscopy 29 appears to favor the Kondo mechanism established for f -electron compounds as a common microscopic origin of the HF behavior in the relevant compounds. However, further attempts to obtain support for this scenario have been elusive. A theoretical model to project d-electron states (1.5 electrons per V 3.5+ ion) onto the Kondo model by splitting them into two subbands by electronic correlation had to introduce an unusually large Kondo coupling (J K ∼ 10 3 K) to overcome the competing effect of Hund coupling. 33, 34 Our µSR study of a singlecrystalline sample provided evidence against the formation of a spin-singlet state as it showed the presence of the local vanadium moments at low temperatures far below T * ≃ T K (interpreted as the Kondo temperature), where the "local" spins would disappear in this scenario. 7, 9 From this view point, the importance of a highly symmetric crystal structure and the potential influence of geometrical frustration have been stressed by various authors, leading to a wide variety of theoretical models. [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] The coexistence of slowly fluctuating local moments with the heavy-QP state at low temperatures in Y(Sc)Mn 2 and According to a theoretical investigation of intersecting Hubbard chains as a model of the pyrochlore sublattice in LiV 2 O 4 , the low-energy part of the spin dynamics is predicted to be described by a spin-spin correlation whose relaxation rate is proportional to temperature 45 . The behavior O 4 , that proposed by Fujimoto regards the quasi-1D character of the t 2g bands associated with the pyrochlore lattice (consisting of intersecting chains of t 2g orbitals) as an essential basis for the description of the electronic state as it is expected that the hybridization between the 1D bands will be strongly suppressed owing to the geometrical configuration (frustration) 39 . This model incorporates the hybridization as a perturbation to the 1D Hubbard bands, which yields an energy scale (T * ) that characterizes the crossover from 1D to 3D as the Fermi liquid state develops with decreasing temperature below T * . The calculated specific heat coefficient taking account of the latter as the leading correction to the self-energy yields a large value that is consistent with the experimentally observed values. The progression of hybridization also induces the enhancement of the 3D-like spin correlation, which should appear as the enhancement of uniform susceptibility for T < T * , while the spin fluctuation is dominated by the staggered component of 1D Hubbard chains.
B. Anomalous broadening of TF-µSR spectra
Here we discuss the origin of the strong broadening of the TF-µSR linewidth observed in Y(Sc)Mn 2 at lower tempertures (T < T * ), which is also expected to be relevant to the other two compounds. Since the muon site has a3m point symmetry for the cubic Fd3m structure, the presumed muon site suggests a powder pattern for P(ω) that is characterized by two singularities (edges) at ω ⊥ and ω due to the uniaxially anisotropic dipolar fields 46 ,
(see the inset of Fig. 13 ). Accordingly, we attempt to reproduce TF-µSR time spectra by curve fittting using the following form:
where stretched exponential damping was incorporated to consider the additional line broadening due to spin fluctuation. Figure 13 shows result of such curve fitting for a time spectrum obtained at 2 K in the time domain with the inset showing the calculated P(ω) for (i) isotropic local spin susceptibility (black dotted curve) and (ii) assuming in-plane anisotropy (blue dashed curve), where the Mn moments are allowed to fluctuate within the easy plane perpendicular to the threefold rotation-inversion axis on the Mn site (which is parallel to the [111] direction). The latter means that the local spin susceptibility probed by a muon strongly depends on the field direction. Then, the local spin susceptibility becomes considerably greater than the isotropic case when the external field is parallel to the principal axis, and thereby χ in Eq. (18) should be replaced with the anisotropic χ local (thus enhancing λ ⊥ ). The main panel of Fig. 13 shows the corresponding A(t) = A 0 G x (t) (black dotted and blue broken curves) calculated for the respective P(ω) using the parameters A 0 , λ, β, and φ 0 obtained shown in the inset respectively assuming isotropic and anisotropic local spin susceptibility (see text for more details), and solid curves show the result of curve fitting with the uniaxial P(ω) plus additional line broadening. The data points and curves are displayed on a rotating reference frame with a frequency of 811 MHz.
from the curve fitting using Eq. (28) . One can observe that the spectrum is not reproduced by the two types of calculated curve and that further broadening is required. This clearly indicates the occurrence of excess line broadening, which is not explained by the anisotropy of the Knight shift. We note that a similar result was obtained for the TF-µSR time spectra in LiV 2 O 4 . Such broadening may be a manifestation of strong spin fluctuation due to the geometrical frustration.
In any case, the increase in λ ⊥ for T < T * is commonly observed in Y(Sc)Mn 2 , YMn 2 Zn 20−x In x , and LiV 2 O 4 , and it is expected to be an important clue to understanding the HFlike behavior of these pyrochlore antiferromagnets.
V. SUMMARY AND CONCLUSION
We have shown that the longitudinal spin relaxation rate in the d-electron HF-like compounds commonly exhibits a tendency to level off, λ = 1/T 1 ∝ T 0 , below a characteristic temperature T * . This implies that the spin fluctuation rate becomes linearly dependent on temperature, ν ∝ T , in these compounds for T < T * . In particular, such behavior in LiV 2 O 4 is consistent with the implications of INS experiments, providing a basis for the coherent understanding of the low-energy spin dynamics through the theoretical model of intersecting 1D Hubbard chains that simulates a pyrochlore lattice. The persistent quasi-1D spin dynamics coexists with the enhanced local susceptibility at lower temperatures (T < T * ), which is also common to two other d-electron HF systems, Y(Sc)Mn 2 and YMn 2 Zn 20−x In x . These observations strongly indicate that a geometrically constrained t 2g band is the primary requirement for the formation of heavy QPs, with the 1D-to-3D crossover as a possible mechanism of effective mass enhancement.
